Abstract A new 140 GHz/2 MW/3 s electron cyclotron resonance heating (ECRH) system composed of two units is now being constructed on HL-2A. As a part of the system, two transmission lines marked No.7 & 8 play the role of carrying microwave power from two gyrotrons to the tokamak port. Based on the oversized circular corrugated waveguide technology, an evacuated transmission system with high power capability and high transmission efficiency is designed. Details are presented for the design of the corrugated waveguide, the layout of the proposed lines and the vacuum pumping system. Then mode conversion losses due to coupling, misalignment, bends and gaps are discussed to serve as a reference for analyzing the transmission efficiency and alignment. Finally, a dual-modes propagation case consisting of the HE11 and LP11 even modes is discussed
Introduction
Electron cyclotron resonance heating is a highly efficient, flexible, localized and controllable heating scheme for torodial plasma confinement systems [1] . Currently, HL-2A has developed and constructed a 3 MW ECRH system at 68 GHz which consists of four 0.5 MW/1 s gyrotrons and two 0.5 MW/1.5 s gyrotrons [2] . With the co-operation of six gyrotrons the highest output power of 2.5 MW has been attained, and also the H-mode discharge has been realized together with the 1 MW NBI system. In order to realize high performance plasma, a new ECRH system with two 140 GHz/1 MW/3 s gyrotrons is scheduled to be completed at the end of 2012 and will be used mainly for current profile control, neo-classical tearing mode (NTM) stabilization, and particle (especially impurity) transport study.
In the ECRH system, power sources are away from the ports used for power injection. As a result, longdistance transmission lines with high power capability and very low attenuation are needed to transmit the beams. For a beam with power equal or higher than 500 kW, the oversized circular corrugated waveguide carrying HE 11 mode or the quasi-optical transmission of a Gaussian beam are widely employed [3−7] . Although both of the methods can meet our requirements, the second one needs larger space and beam shielding. For space limit and safety consideration, the first scheme is adopted in our design, which is also planned to be used by ITER [8] . This paper elucidates details of the circular corrugated waveguide transmission lines designed for high power millimeter wave (140 GHz/1 MW/3 s) transmission. In section 2, the basic propagation theory for corrugated waveguides and the design result for 140 GHz system are given. Layout and components of the transmission lines are described in section 3. The vacuum pumping system for evacuation is presented in section 4, and mode conversion losses are discussed in section 5. The conclusion is given in section 6.
Circular corrugated waveguides
In millimeter wave transmission systems, circular corrugated waveguides carrying the HE 11 mode are * supported by the International Thermonuclear Experimental Reactor Special Fund of China (No. 2009GB102002) and partly supported by the Core University Program on Plasma and Nuclear Fusion between China and Japan widely used for high-power transmission due to low loss, high-power capability, large bandwidth, inherent shielding of microwaves, and closed containment for Tritium in thermonuclear fusion reactors [7] . Fig. 1 shows the general structure and coordinate system of the corrugated waveguide, where waveguide inner diameter a, corrugation period p, corrugation width w and corrugation depth d are used to describe characteristics of the waveguide. 
Basic propagation theory
For the fundamental hybrid mode HE 11 transmitted in an overmoded waveguide shown in Fig. 2 , the characteristic equation [9] is derived as:
Here X c is the root of Eq. (1) and also the eigenvalue of HE 11 mode, J m (x) is the m-th Bessel function, k = 2π/λ is the free space wave number, λ is the wavelength, β
2 is the propagation constant and Y is a reactance, defined as [10] :
Usually, two methods are used to solve Eq. (1), one is power series expansion [10] and the other is numerical calculation [7] . Here we first apply the series expansion method to get the approximate eigenvalue and then the result will be compared with the numerical calculation result. For the overmoded waveguide we have ka >>1. Assuming |Y|/ka<<1 and X c /ka<<1, expanding Eq. (1) in terms of 1/ka and retaining only the first order term, then we have [10] :
where u 01 =2.405 is the first root of J 0 (x). It should be noted that Eq.
(1) has a lot of roots, while Eq. (3) just represents the eigenvalue of HE 11 mode in the corrugated waveguide. From Eq. (1) one can easily see that once the parameters a, p and w are fixed, the eigenvalue is merely decided by the value of the corrugation depth d. The numerical result with f =140 GHz, 2a=63.5 mm, p=0.35λ, w=0.7p is plotted in Fig. 2 while the dotted line is the solution of Eq. (3). Fig. 2 indicates that the power expansion method is excellent in the range of d/(λ/4) = 0.2-1.8 while it does not agree well with the numerical method in other ranges due to the increase of the absolute value of reactance Y .
Using the theory of guided wave and the power series expansion method, and assuming that the polarization direction of the HE 11 mode is in the x direction (see Fig. 1 ), we can write the electromagnetic (EM) field of the HE 11 mode [10] as:
(4) Here (E x , E y , E z ) and (H x , H y , H z ) are respectively the electric and magnetic field components of the HE 11 mode, Z 0 =(µ 0 /ε 0 ) 1/2 is the impedance of free space where µ 0 is the free space magnetic permeability and ε 0 is the free space dielectric constant, E is a constant field amplitude, (r, ϕ) represent the points in the transverse section of the waveguide where the longitudinal position is z (see Fig. 1 ), ω = 2πf is the angular frequency and f is the frequency of the wave. Now consider an extreme case, i.e., Y ≈ 0, and u 01 /ka ≈ 0. In this way, Eq. (4) is simplified to:
Eq. (5) are the most widely used EM field formulas of the HE 11 mode in the overmoded corrugated waveguide. From Eq. (5) and the characteristic of the Bessel function one can easily see that this mode is linear polarized, and the power is almost located near the center and very low at the waveguide wall which results in a very low ohmic attenuation [7] . Up to now, we have given the basic propagation theory of the corrugated waveguide, and all these results will be applied to the design of waveguides for the 140 GHz transmission lines.
Waveguide design
From section 2.1 we know that when designing waveguides, the parameters must satisfy the following inequalities:
With properly chosen parameters, the above inequalities are easy to meet. In our design, the waveguide with a very large diameter 2a compared with the wavelength λ(2a/λ ≈ 30) is applied to get high power capability. The parameters are chosen as follows:
Although Eq. (7) are the design parameters, during actual manufacturing a sinusoidal groove which has the same depth and period as the parameters shown in Eq. (7) is adopted instead of the rectangular groove shown in the left of Fig. 1 for easier fabrication. This method has been successfully used for the 68 GHz ECRH system on HL-2A [2] .
Layout of the transmission lines
The transmission lines' layout should be based on an overall consideration of the port position, gyrotron position, environment on-site and transmission efficiency. The final layout after considering all elements mentioned above is shown in Fig. 3 , where Nos. 7 & 8 are the new 2 MW system and Nos. 1 & 2 are a part of the 68 GHz system [2] . The four systems share a port with an inner diameter of 350 mm on HL-2A tokamak. The 140 GHz transmission system is composed of two transmission lines. Each line is equipped with a matching optic unit (MOU), straight sections of circular corrugated waveguide, two bellows, some mitre bends, two polarizers integrated into two bends, a DC break, a waveguide switch, and a pump section; and a dummy load is shared by the two lines. The compositions of the two lines are given in Table 1 . In order to reliably and efficiently transmit a beam of 140 GHz/1 MW/3 s, the whole transmission line is evacuated to ≤10 −2 Pa, and also some components such as the DC break are cooled by water. The major features of the transmission line are high power capability and low transmission loss.
The wave from the gyrotron is first optimized by the MOU and then coupled into the corrugated waveguide which is suitable for high efficiency transmission. The bellows are used to reduce mechanical stress for easy installation. The mitre bend with a flat mirror can change the direction of wave propagation. The polarizers designed to use an integral method developed in the vector theory of diffraction gratings [11] , together with a launcher system, can realize high pure X-mode injection. The DC break eliminates unnecessary electrical closed loops along the line. The waveguide switch plays the role of changing the route of the wave between the plasma load and the dummy load which is designed by Gycom and used for power measurement. The pump section provides a port for evacuation. In addition, two CVD windows are installed between the two transmission lines and the launcher for vacuum isolation. All these components except the polarizers and the dummy load are designed using the theory of corrugated waveguides described in section 2. 
Vacuum pumping system
For full-power operation of the 140 GHz/2 MW/3 s ECRH system, a pumping system is necessary to prevent arcing by evacuating the transmission lines to ≤10 −2 Pa. For the proposed system, each transmission line has two ports used for pumping which are respectively located at the MOU and the end of the line, i.e., four ports for two lines. Due to the limit of space on-site, three sets of vacuum pumping systems will be used to pump the two lines, including two sets (system 1&2) connected with two MOU ports and the last one (system 3) shared by two ports of the lines.
Each system consists mainly of a 1600 L/s compound molecular pump, a 60 m 3 /h backing mechanical pump, a composite vacuum gauge, a measuring container, vacuum lines and other services (gate valve, baffle valve, power supply, controller, and support). Fig. 4 gives the schematic of system 1 while the other two are almost the same. For system operation, the mechanical pump will be used for pre-pumping and the compound molecular pump is the main pump to get the required vacuum. The degree of the vacuum is measured by the composite vacuum gauge and the measurement data will be sent to the ECRH control system as one of the startup conditions for the 140 GHz system.
Mode conversion losses
The losses in the transmission line are mainly caused by ohmic attenuation and mode conversion [4] . Normally, ohmic attenuation is inherent and very low. Here, we will focus on analysis of mode conversion loss (MCL) for the proposed 140 GHz transmission line caused by coupling, misalignment, bends and gaps [12, 13] .
Coupling of a Gaussian beam into the corrugated waveguide
Upon exit from the gyrotron, the wave beam is first converted by the MOU to a Gaussian beam (TEM 00 ) and then coupled to the HE 11 mode in the corrugated waveguide. When the waist point of TEM 00 mode is located at the aperture centre of the corrugated waveguide, the waist size ω at the waist point is equal to 0.6435a, and the TEM 00 mode is vertical incidence, the power coupling efficiency reaches maximum value 98% [12] . For a small axial offset ∆d (∆d/a <0.45), using the mode matching theory the MCL (normalized by the incident power P 0 ) is derived as:
While for a small tilt ∆θ rad (a∆θ/λ<0.43), the normalized MCL is given by:
Misalignment of the corrugated waveguide
During transmission, the HE 11 mode is very sensitive to misalignment of the corrugated waveguide due to its large diameter [7] . Misalignment such as an axial offset or a tilt can cause mode conversion loss. In the same way as section 5.1, the MCL (normalized by the incident power P 0 ) for a small axial offset ∆d (∆d/a <0.45) is written as:
For a small tilt ∆θ rad (a∆θ/λ<0.43), the MCL loss is:
Mitre bends and gaps
In transmission lines, mitre bends are used to change the direction of wave travel, and gaps are necessary in the following components: bellows, DC break, and the pump section. Due to the discontinuity of the corrugation in mitre bends and gaps, mode conversion will result in such components. For a 90
• -mitre bend with a flat mirror or a corrugated mirror (polarizer), the MCL loss (normalized by the incident power P 0 ) is defined as:
For a gap of length L , the MCL loss is:
Using Eqs. (8)∼ (13), one can easily calculate the mode conversion losses for a given ECRH system. Table 2 summarizes different mode conversion losses for the designed 140 GHz transmission line and the length of gap L=20 mm is a sum of all the gaps in each line. It should be noted that the actual mode conversion losses are determined by various factors, such as alignment error, purity of the Gaussian beam coupled into the waveguides and so on [14] . Meanwhile, due to the large ratio between waveguide inner diameter and wavelength, the loss caused by tilting is primary when the alignment of waveguides is terrible while other mode conversion losses are negligible for the 140 GHz system, which can easily be seen from Eqs. (9) and (11).
Dual-mode propagation
For the oversized corrugated waveguide, not only the HE 11 mode but other linearly polarized (LP mn , m≥1, n≥1) modes caused by the imperfect Gaussian beam of gyrotron output, bends, gaps and so on can also propagate with small attenuation [13, 15] . Moreover, some lower order modes such as the LP 11 even and odd modes can be coupled to the plasma. In this way, multimode propagation should be considered, which will influence the power centroid, the phase front at the end of the transmission line and the location of wave power deposition. Here a dual-mode propagation case consisting of the HE 11 and LP 11 even modes will be discussed and other cases can use the same principle to analyze. By Maxwell's equations, the normalized electric field components of the HE 11 and LP 11 even modes in an oversized corrugated waveguide is derived as [14, 15] :
Here u 11 =3.832 is the first root of J 1 (x), β 2 are the propagation constant of the HE 11 and LP 11 even modes, θ 1 and θ 2 are the initial phase at z =0 and the definition of other variables can be found in section 2.
Assuming that the percentage of power in the HE 11 mode is A, then the electric field, offset and tilt angle in the x-axis and y-axis directions at the end of the transmission line (z = z 1 ) are defined as [15] :
(18) Here the offset and tilt angle in the x-axis or y-axis can be found by replacing g with x or y in Eqs. (17) and (18).
Setting A=0.95, f =140 GHz and 2a=63.5 mm, the relationship between the offset ∆y, the tilt angle ∆α y in the y-axis and the phase difference ∆θ = (β 2 −β 1 )z 1 + (θ 2 −θ 1 ) can be obtained from Eqs. (14)-(18), as shown in Fig. 5 . It should be noticed that the offset ∆x and the tilt angle ∆α x in the x-axis is always zero in this condition. Fig. 5 indicates that for dual-mode propagation the offset and tilt angle vary with sinusoidal oscillations where the period depends on the value of (β 2 −β 1 ). So appearance of such lower order mode may make the location where the wave power is coupled to the plasma slightly differ from the desired position. However, this difference can be adjusted by a controllable launcher for the 140 GHz ECRH system [16] when the proportion of the lower order mode is not very large. 
Conclusion
Two transmission lines based on the overmoded circular corrugated waveguide with inner diameter of 2a=63.5 mm and sinusoidal groove are designed to carry two 140 GHz/1 MW/3 s beams to the tokamak port. High power capability and high transmission efficiency are the main features of the lines. Three vacuum pumping systems are equipped to evacuate the lines to ≤10 −2 Pa for reliable transmission. According to the analysis of mode conversion losses in the transmission line, different kinds of MCL losses are calculated, which points out that bad alignment of the lines may cause large mode conversion loss due to the high ratio between the waveguide inner diameter and the wavelength. Finally, the HE 11 and LP 11 even modes propagation is analyzed which indicates that appearance of some lower order modes may influence the location where the wave power is coupled to the plasma.
